Abstract-This paper proposes a novel and simple reactive power control strategy and source-side current balancing for photovoltaic (PV) power conditioning system (PCS) to suppress the voltage rise at the point of common coupling (PCC) on singlephase three-wire distribution feeders. The proposed reactive power control and load current balancing use only a constant dc-capacitor voltage control, which is commonly used in the grid-connected inverters. Any calculation blocks of the reactive and unbalanced active components of the load currents are not necessary. Thus, the authors provide the simplest algorithm to suppress the voltage rise at the PCC, balancing the sourceside currents. The basic principle of the constant dc-capacitor voltage control based strategy is discussed in detail. A computer simulation is implemented to confirm the validity and high practicability of the proposed control algorithm for PV-PCS using a typical single-phase three-wire distribution feeder model in Japan. Simulation results demonstrate that controlling reactive power on the source side by PV-PCS with the proposed control method suppresses the voltage rise at the PCC, balancing the source-side currents.
I. Introduction
Renewable energy has attracted great attention after Great East-Japan Earthquake in 2011. The Act on special measures concerning procurement electricity from renewable energy sources by electricity utilities has been enacted on 30 Aug., 2011. According to this Act, Japanese domestic electricity utilities are obligated to purchase the power, which are generated by solar, wind, hydro, geothermal and biomass plants. The procurement price and period are decided annually by the Minister of Economy, Trade and Industry (METI). After the enactment of the Act, a large number of photovoltaic power generation systems (PVPGSs) has been constructed. Japanese domestic electricity utilities are also obligated to purchase the power generated by home solar PV systems (HSPVSs), where the rating of PV cells is less than 10kW. The HSPVSs can sell the surplus power between the power generated by PVPGS and the power consumed in home. A large number of houses have been equipped with rooftop PVs in Japan. Voltage-source PWM inverters are used as an interface between PVs and utility-grids. The generated power is injected to the utilitygrids with the unity power factor by voltage-source PWM inverters. Generally distribution systems are designed with the unidirectional power flows, supplying the power from the power plants to customers. It is well known that the reverse power flows with unity power factor by voltage-source PWM inverters in the highly penetrated PVPGSs causes the unacceptable voltage rise at the point of common coupling (PCC) [1] . The single-phase three-wire distribution feeders are used for household consumers in Japan. The voltage at the PCC on these single-phase three-wire distribution feeders should be less than 107 Vrms, according to Japanese regulation [2] . If the voltage at the PCC exceeds 107 Vrms, power companies have to restrict the output power of HSPVS. This restriction occurs in midday with fine weather. This is a serious problem for HSPVSs because profit on sale of power decreases. Thus, economical output power loss caused by the voltage rise at the PCC has been reported [3] , [4] .
To mitigate the voltage rise caused by the rooftop solar PVs at the PCC, distributed storage systems with the rooftop solar PVs have been proposed [5] . The surplus power between the power generated by the rooftop solar PVs and the power consumed in home is stored in the distributed storage systems. This results in the mitigation of the voltage rise at the PCC. However, storing the surplus power in distributed storage systems reduces the profit on sale of power because the price of the power purchased by power companies is higher than that of the power from power companies, which is consumed in the home. The PV-PCSs with reactive power control have been proposed [6] , [7] . The PV-PCSs with the reactive power control can inject the power by PVs to utility-grids suppressing the voltage rise at the PCC. Thus, reduction of the profit on sale of power can be avoided. These PV-PCSs are connected to three-phase four-wire distribution feeders which simultaneously supply power to three-phase and single-phase loads at the PCC in [6] whereas the PV-PCSs are connected to single-phase two-wire distribution feeders in [7] . As mentioned above, single-phase three-wire distribution feeders are always used for home appliances in Japan. Thus, the PV-PCSs with the reactive power control proposed in both [6] and [7] cannot be applied to Japanese three-wire distribution feeders.
This paper proposes a novel and simple reactive power control strategy and source-side current balancing for PV-PCSs to suppress the voltage rise at the PCC on single-phase three-wire distribution feeders. The proposed reactive power control and load current balancing use only a constant dc-capacitor voltage control, which is always used in the grid-connected inverters. Any calculation blocks of the reactive and unbalanced active components of the load currents are not necessary. Thus, we provide the simplest algorithm to control the reactive power, balancing the source-side currents on single-phase three-wire distribution feeders. The basic principle of the constant dccapacitor voltage control based strategy is discussed in detail. A computer simulation is implemented with a typical singlephase three-wire distribution feeder model [8] . Digital computer simulation results demonstrate that controlling reactive power on the source side by PV-PCS with the proposed reactive power control method suppresses the voltage rise at the PCC, balancing the source currents.
II. Proposed reactive power control for PV-PCS to suppress voltage rise with source-side currents balancing
A. Low Voltage Distribution Feeder Model
Single-phase three-wire distribution feeders are used in residential areas of Japan. Fig. 1 shows a typical singlephase three-wire distribution feeder in a residential area [8] . A pole-mounted distribution transformer is used to deliver the power to household customers. The rating of the pole-mounted 
(b) With reactive power control consumptions are considered in all household customers. Thus, in all household customers, R L1 of 36.8 Ω is connected to the upper-side feeder with 105 Vrms, R L2 of 55.1 Ω is connected to the lower-side feeder with 105 Vrms, and R L3 of 441 Ω is connected to the feeder with 210 Vrms.
In the reference [8] , the voltage rise phenomena at Node 3, which is caused by PVPGSs, has been demonstrated. Fig. 2 shows phasor diagrams at the PCC on the Service-wire7.İ D7 corresponds to the output currents i D71 and i D72 .V D7 is for the terminal voltages v D71 and v D72 at the PCC on the Servicewire7.V S is for the secondary-side voltages v S1 and v S2 of the pole-mounted distribution transformer. In Fig. 2(a) , the output currentİ D7 of the PV-PCS is injected with unity power factor.V L is caused by the impedance of low voltage wires and service-wires. The terminal voltageV D7 is given with the sum ofV S andV L . Thus, the amplitude ofV D7 is larger than that oḟ V S . This is the voltage-rise phenomena caused by the PV-PCS, which is a serious problem for home solar PV systems because profit on sale of power decreases. In Fig. 2(b) , the output currentİ D7 of the PV-PCS is injected with reactive power control. The phase angle φ can be controlled with the reactive component I D7q . The amplitude ofV D7 can be controlled bẏ I D7q . Controllingİ D7q can avoid the voltage rise ofV D7 at the PCC. Fig. 3 shows the proposed control algorithm based on the constant dc-capacitor voltage control for PV-PCS. The basic principle of the constant dc-capacitor voltage control based algorithm is discussed. The voltages v D71 and v D72 on D7, and the load currents i L71 and i L72 in Fig. 3 are given as
B. Proposed Control Strategy for PV-PCS with reactive power control
Let us assume that the source currents i D71 and i D72 on D7 are balanced with power factor of cosφ compensating the unbalanced components with reactive power control. The source-side currents i D71 and i D72 are expressed as
where cosφ = I D7p /I D7 . From (1) and (2), the output currents i PV71 , i PV72 , and i PV73 are given by
Equation (3) gives the output currents of the PV-PCS to achieve the balanced source-side currents i D71 and i D72 on D7. The instantaneous power p PCS flowing into the PV-PCS consisting of the three-leg PWM inverter is given by
If the dc-capacitor voltage v DC7 is constant by the constant dc-capacitor voltage control in PV-PCS, the mean value p PCS of the instantaneous p PCS of (4) should be P PV because the power P PV generated by PV flows into the dc capacitor C DC in Fig. 3 , where P PV is given as
Thus, I D7p is given by
Equation (6) gives us an important idea that the constant dc-capacitor voltage control can calculate the active current I D7p in (2). Thus, maintaining the dc-capacitor voltage v DC7 at constant by the constant dc-capacitor voltage control achieves the balanced source-side currents i D71 and i D72 with the power factor of cos φ. According to the regulation [9] , power factor of 0.9 is acceptable for home appliances in Japan. K in (2) is given by
The dc-capacitor voltage v DC7 of the single-phase PWM inverters is detected, and then the difference Δv DC7 between the reference value V * DC7 and the detected v DC7 is amplified by the PI controller. The output value of the PI controller is inputted into a moving average low-pass filter (MALPF). The MALPF can remove 2ω S frequency components. After filtering with the MALPF, the effective value I D7p of the source-side currents i D71 
Service-wire7(15m) √ 2sinω S t and gain K. According to the regulation [9] , the power factor of 0.9 at the PCCs on low voltage distribution feeders is acceptable. Thus, the control gain K = tan(cos −1 0.9) is used in this paper. The reference source current i * D7 is given by
To detect the electrical angle θ S = ω S t of the voltage v 73 at the PCC a single-phase PLL algorithm is used [10] . The detected v 73 corresponds to the α-phase component v α , and the delayed voltage through the T S /4 delay block corresponds to the β-phase component v β . Using cos θ S and sin θ S , v α and v β are transformed to v d and v q , respectively, in dq coordinates. When the q-phase component v q is equal to zero, it is possible to generate an electrical reference angle θ S that is synchronized with v 73 , which has angular frequency ω S . Finally, the reference currents for the PV-PCS are calculated as
It is well known that a steady-state error remains when current feedback control based on the sine-triangle intercept technique with a PI controller is used in a single-phase PWM inverter. PI controllers in dq coordinates are used to control the output currents i 71 , i 72 and i 73 of the PV-PCS. In Fig. 3 , the reference value i * 71 is delayed by T S /4, where T S is the cycle of the voltage v 73 at the PCC. i * 71 corresponds to the α-component, and the delayed current through the T S /4 delay block corresponds to the β-components. Using θ S , the electrical angle of the v 73 generated by the PLL, the α-and β-components are transformed into i * d1 and i * q1 , respectively. The output current i 71 is also transformed into i d1 and i q1 in the same way. The differences between the reference currents i * d1 and i * q1 are amplified by PI controller in dq coordinates. The amplified values are retransformed into the α-component. Then, using the PWM technique, the gate signals for the power switching devices of the PV-PCS are generated.
III. Simulation results
A computer simulation was implemented to confirm the validity and practicability of the proposed voltage rise suppression method with the constant dc-capacitor voltage control based strategy for the PV-PCS using PSIM software. Table II shows circuit constants, which were used in computer simulation. Fig. 4 shows simulation results for Fig. 1 , where reactive power control algorithm is not included in the control circuit of the PV-PCSs. v S1 and v S2 are the secondary-side source voltages of the pole-mounted distribution transformer. i S1 and i S2 are the secondary-side source currents. v D71 and v D72 are the receiving-end voltages at the PCC. i D71 and i D72 are the source-side currents on the 7 th service-wires. i L71 and i L72 are load currents of Home 7. i PV71 , i PV72 , and i PV73 are the output currents from the PV-PCS at Home 7. v DC7 is the dc-capacitor voltage. In the simulation results of Fig. 4 , i S1 , i S2 , i L71 , and i L72 are unbalanced. However, the source-side currents i D71 and i D72 are balanced. These i D71 and i D72 are in antiphase
16.7ms [2] . However, without the reactive power control, the receivingend voltages on D7, D8, and D9 exceed the maximum RMS value of 107 Vrms. As described before, power companies have to restrict the output power of HSPVS on D7, D8, and D9. This restriction occurs in midday with fine weather. This is a serious problem for home solar PV systems because profit on sale of power decreases. The red-colored tetragons show the RMS voltage values at each household customer with the proposed reactive power control, which is the constant dccapacitor voltage control based algorithm. The RMS values of the receiving-end voltages at all household customers on D7, D8, and D9 are less than 107 Vrms, where the power factor on the source-side on D7, D8, and D9 is controlled to 0.9. This power factor of 0.9 is acceptable by the regulation [9] .
16.7ms Thus, power companies can accept the power generated by the HSPVS on D7, D8, and D9. The capacity of the PV-PCSs with the reactive power control is larger by 8 % as compared to that of the PV-PCSs with the unity power factor. Note that the PV-PCS with the increased rating of only 8 % can avoid the restriction of the output power of HSPVSs. This results in a great contribution to improve the profit on sale of power.
IV. Conclusion
This paper has proposed a novel and simple reactive power control strategy and source-side current balancing with PV-PCS to suppress the voltage rise at the PCC on single-phase three-wire distribution feeders. The proposed reactive power control and load current balancing use only constant dccapacitor voltage control. Thus, the authors have provided the simplest algorithm to suppress the voltage rise at the PCC. The basic principal of the proposed reactive power control with the source-side currents balancing has been discussed in detail. The instantaneous power flows into the PV-PCS has been discussed. The instantaneous power flows into the PV-PCS has demonstrated that the constant dc-capacitor voltage control can calculate the RMS value of the active current on the balanced source-side currents with predefined power factor. Thus, the proposed control algorithm with the constant dc-capacitor voltage control can achieve the balanced source-side currents with the predefined power factor. A computer simulation has been implemented using PSIM software. Simulation results have demonstrated that the proposed reactive power control strategy with the constant dc-capacitor voltage control suppress the voltage rise at the PCC balancing source-side currents with power factor of 0.9. The capacity of the PV-PCS with the reactive power control is larger by 8 % as compared to that of the PV-PCS with the unity power factor. Note that the PV-PCS with the increased rating of only 8 % can avoid the restriction of the output power of HSPVSs. Thus, the authors have concluded that the proposed voltage-rise suppression with the constant dc-capacitor voltage control is useful for practical HSPVSs.
